There has been much evidence demonstrating the involvement of oxidative stress in the pathology of neurological disorders. More over, the vulnerability of the central nervous system to reactive oxygen species mediated injury is well established since neurons consume large amounts of oxygen, the brain has many areas containing high iron content, and neuronal mitochondria gener ate large amounts of hydrogen peroxide. Furthermore, neuronal membranes are rich in polyunsaturated fatty acids, which are particularly susceptible to oxidative stress. Recently, the biological roles of products produced by lipid peroxidation have received much attention, not only for their pathological mechanisms associated with neurological disorders, but also for their practical clinical applications as biomarkers. Here, we discuss the production mechanisms of reactive oxygen species in some neurological dis orders, including Alzheimer's disease, Down syndrome, Parkinson's disease, and stroke. We also describe lipid peroxidation biomarkers for evaluating oxidative stress.
Introduction R edox homeostasis is maintained in vivo as an equilibrium between oxidant and antioxidant levels. An imbalance in these molecules in favor of oxidants results in oxidative stress. (1) Increasing evidence has pointed out the involvement of in vivo oxidation as an underlying mechanism in several disorders and diseases, such as diabetes, (2) cardiovascular diseases, (3) cancer, neurodegenerative diseases, (4) and aging. (5) Recently, the role of oxidative stress in neurodegenerative diseases has received much attention. (6) The brain is extremely sensitive to oxidative damage for several reasons. For one, the brain consumes an inordinate amount of oxygen (around 20%), particularly when considering the fact that the brain accounts for only 2% of body weight. (4) A major reason for the high O2 uptake is the vast amounts of ATP needed to maintain neuronal intracellular ion homeostasis in the face of ion channels need for action potentials and neurosecretion. Additionally, several brain areas, including the substantia nigra, caudate nucleus, putamen, and globus pallidus, are rich in iron content. (7) It is generally accepted that iron accumulates in the brain of older individuals, and iron ions that are released following brain damage can catalyze free radical reactions. The brain is a source of reactive oxygen species (ROS). Complex I-dependent hydrogen peroxide generation in brain mitochondria is greater than that in skeletal muscle mitochondria. (8) Lastly, neuronal membranes are rich in polyunsaturated fatty acids (PUFAs), particularly arachidonic acid (AA), docosahexaenoic acid (DHA), and eicosapentaenoic acid (EPA). (9) These PUFAs are particularly vulnerable to oxidative stress due to their possession of unsaturated double bonds. For these reasons, neural cells are more susceptible to oxidative damage when compared to other body tissues.
Lipid Peroxidation
It has been well documented that lipid peroxidation comprises of three distinct mechanisms: free radical-mediated oxidation, free radical-independent, nonenzymatic oxidation, and enzymatic oxidation. (10) Free radical-mediated lipid peroxidation proceeds by a chain mechanism, that is, one initiating free radical can oxidize both lipid molecules in biological membranes and low density lipoproteins. The primary reactions of lipid peroxidation include hydrogen-atom abstraction by peroxyl or alkoxyl radicals (initiation); oxygen addition to carbon radicals (propagation); peroxyl radical fragmentation or rearrangement; peroxyl radical addition to carbon-carbon double bonds cyclization; and peroxyl-peroxyl termination. Vitamin E (α-tocopherol) acts as a "chain-breaking" antioxidant and can terminate the propagation steps of lipid peroxidation. Lipid oxidization by nonradical mechanisms can be accomplished by singlet oxygen and ozone. (11) Moreover, singlet oxygen may be used in photodynamic therapy or can cause deleterious damage such as a disease porphyria on the skin. Myeloperoxidase, a heme protein secreted by activated phagocytes, reacts with hydrogen peroxide in the presence of chloride and bromide to yield hypochlorous acid and hypobromous acid, HOCl and HOBr, respectively. These acids are strong oxidants and can oxidize biological molecules via either free radical or non-radical pathways. (12) The third mechanism of oxidation, enzymatic oxidation, can be illustrated by lipoxygenase and cyclooxygenase, which have both been reported to oxidize arachidonic acid into hydroperoxyeicosatetraenoic aicd (HPETE), prostaglandins, prostacyclin, thromboxane, and leukotrienes. Moreover, lipoxygenase and cyclooxygenase can oxidize lipids regio-, stereo-, and enantiospecifically. (13) Lipid peroxidation has been shown to induce disturbance to R membrane organization and functional loss/modification of proteins and DNA. However, lipid peroxidation products also act as redox signaling mediators. (14, 15) 
Lipid Peroxidation Biomarkers for Neurological Dysfunc tion
A number of studies have been performed to measure lipid oxidation products in humans; the biomarkers measuring the degree of lipid peroxidation are discussed below.
Lipid peroxidation products from linoleic acid. Linoleic acid (LA) is the most abundant PUFA in vivo, and its oxidation is initiated by a straightforward mechanism that yields much simpler products than AA. As shown in Fig. 1 , hydroperoxyoctadecadienoic acids (HPODEs) that are formed by radical-mediated oxidation consist of four isomers: 13-hydroperoxy-9(Z),11(E)-octadecadienoic acid [13-(Z,E)-HPODE], 13-hydroperoxy-9(E), 11(E)-octadecadienoic acid [13-(E,E)-HPODE], 9-hydroperoxy-10(E), 12(Z)-octadecadienoic acid [9-(E,Z)-HPODE], and 9-hydroperoxy-10(E), 12(E)-octadecadienoic acid [9-(E,Z)-HPODE]. 13-(Z,E)-HPODE is also formed by enzymatic oxidation via lipoxygenase as enantio-, regio-, and stereo-specific products, while 9-and 13-(E,E)-HPODE are specific products of radicalmediated oxidation. HPODEs are then reduced to hydroxyoctadecanoic acids (HODEs) by a variety of enzymes, such as glutathione peroxidase.
Singlet oxygen has been shown to oxidize LA by a non-radical mechanism to form 13-(Z,E)-HPODE, [9-(E,Z)-HPODE], 10-hydroperoxy-8(E), 12(Z)-octadecadienoic acid [10-(E,Z)-HPODE] and 12-hydroperoxy-9(Z), 13(E)-octadecadienoic acid [12-(Z,E)-HPODE]. In this case, 10-and 12-(Z,E)-HPODEs are specific oxidation products produced by singlet oxygen. We recently found that the fasting levels of [10-and 12-(Z,E)-HODE]/LA increase significantly with increasing levels of HbA1c and glucose during oral glucose tolerance tests. (16) We propose that measurement of total hydroxyoctadecanoic acid (tHODE) could be an effective biomarker of oxidative stress in vivo. (17) In this method, biological samples such as plasma, erythrocytes, urine, and tissues are reduced followed by saponification. Hydroperoxides, as well as hydroxides of both free and ester forms of LA, are then measured as tHODE.
Lipid peroxidation products from arachidonic acid. Arachidonic acid is more susceptible to oxidation than LA because it has three bisallylic positions that serve as possible sites for initial hydrogen atom abstraction. In the presence of hydrogen atom donors, six major hydroperoxide, HPETEs, are produced (Fig. 2a) . (18) Furthermore, lipoxygenases oxidize AA to 5-, 8-, 12-, and 15-HPETE. (19) HPETEs are then further reduced to hydroxyeicosatetraenoic acids (HETEs).
Recently, elevated levels of 20-HETE have been reported in cerebrospinal fluid (CSF) and plasma in patients with subarachnoid hemorrhage (SAH). (20, 21) It has also been reported that an inhibitor of cytochrome P450 oxidoreductase, which catalyzes AA to 20-HETE, can reduce infarct size in rats after cerebral ischemia. (22) F2-isoprostanes (F2-IsoPs) are products of free radical-induced peroxidation of AA and are currently thought to be the most reliable markers of oxidative damage in humans. (23) (24) (25) As shown in Fig. 2b , F2-IsoPs comprise of many isomers through various reactions. For example, prostaglandin H2-like bicyclic endoperoxide (H2-isoprostanes) intermediates, which are formed by autoxidation of AA, are reduced to form F-ring IsoPs. Additionally, three arachidonyl radicals give rise to the formation of four F2-IsoP regioisomers, 5-, 12-, 8-, and 15-series, each of which contain eight racemic diastereomers for a total of 64 compounds.
(23) F2-IsoPs have been shown to increase in the CSF of patients with AD (26) and Huntington's disease. (27) Isofurans (IsoFs), which have a substituted tetrahydrofuran ring structure, are generated by the peroxidation of AA as well as F2-IsoPs. Interestingly, IsoFs levels in the substantia nigra have been reported to be elevated in patients with Parkinson's disease (PD), whereas levels of F2-IsoPs were not. (28) The formation of IsoFs and F2-IsoPs occur via similar mechanisms and share a carbon-centered radical as an intermediate. However, IsoFs are generated by a reaction with molecular oxygen. Milne et al. (29) used gas chromatography-mass spectrometry (GC-MS) to measure F2-IsoPs and IsoFs and showed that normal levels of IsoFs in human plasma (0.071 ± 0.010 ng/ml) were higher than F2-IsoPs (15-F2t-IsoP) (0.035 ± 0.006 ng/ml), although it is unclear what kind of IsoF they measured.
Lipid peroxidation products from docosahexaenoic acid.
DHA and AA are highly enriched in the central nervous system. Since DHA has a higher number of double bonds compared with AA, DHA is more susceptible to free radical-mediated oxidation. Oxidation of DHA leads to the formation of an F2-IsoPs-like compound, neuroprostane (NP), which is highly concentrated in neuronal membranes. (30) Endoperoxide intermediates, which are formed by autoxidation of DHA, are reduced to form F-ring NPs (F4-NPs) which have eight regioisomers (Fig. 3) . These F4-NP regioisomers (4-, 7-, 10-, 11-, 13-, 14-, 17-, and 20-series) further comprise of eight racemic diastereomers for a total of 128 compounds. It has been reported that F4-NP levels are higher in the CSF of patients with aneurysmal subarachnoid hemorrhage (31) and in the plasma of patients with Rett syndrome. (32) Recently, it was shown that a novel class of IsoFs-like compounds, neurofurans (NFs), are formed from DHA (Fig. 3) . (33) Both NPs and NFs are considered sensitive and specific markers of neuronal oxidative damage. In a case of basal levels, Solberg et al. (34) demonstrated that concentrations of IsoPs and IsoFs were similar to levels of NPs and NFs in the brain tissue of newborn piglets (about 10 ng/g of brain tissue).
Lipid peroxidation derived short chain aldehydes.
PUFAs are finally broken down to short-chain aldehydes by peroxidation.
(35) These short-chain aldehydes are mainly classified into three families: 2-alkenals, 4-hydroxy-2-alkenals, and ketoaldehydes (Fig. 4) . These products are generated from the oxidation of free fatty acids including AA and LA. Acrolein, the most potent electrophilic 2-alkenal, has been detected in automobile emissions, cigarette smoke, and other products of thermal degradation. (36) One type of 4-hydroxy-2-alkenal, 4-hydroxy-2-nonenal (HNE), is known to be a major aldehyde produced during peroxidation of ω6-PUFAs, such as LA and AA. Lastly, malondialdehyde (MDA) is known as the most abundant lipid peroxidation-specific aldehyde. In order to identify lipid peroxidation, the thiobarbituric acid (TBA) assay has been widely used to measure red pigment formation which is adduct of TBA with aldehydes, MDA, alkenals, and alkadienals.
These aldehydes are highly reactive with proteins, DNA, and phospholipids, and cause deleterious effects. HNE-and acroleinprotein adducts are considered to be good biomarkers of lipid peroxidation in vivo and have been widely applied by using antibodies directed against them. (37) In many clinical reports, these antibodies were used not only for measuring biological samples, but also for immunohistochemical staining of brain sections. (38) Lipid peroxidation products from cholesterol. Cholesterol is present in all cells and regulates the fluidity of lipid bilayers. Cholesterol oxidation products, oxysterols, have received increasing attention as messengers for cell signaling and cholesterol transport. (39) Cholesterol is also oxidized by both enzymatic and non-enzymatic mechanisms (Fig. 5) . The free radical-mediated oxidation of cholesterol yields 7α-and 7β-hydroperoxycholesterol (7α-OOHCh and 7β-OOHCh), 7α-and 7β-hydroxycholesterol (7α-OHCh and 7β-OHCh) and 7-ketocholesterol (7-KCh) as major products.
(39) 7β-OHCh is regarded as a marker of free radical-mediated oxidation, and s. Singlet oxygen oxidizes cholesterol to 5α-OOHCh.
Various enzymes oxidize cholesterol to yield specific hydroxycholesterols. For example, the mitochondrial enzyme, CYP27A1, produces 27-hydoroxycholesterol (27-OHCh). Furthermore, 24-hydroxylase (CYP46A1), an enzyme found exclusively in the brain and retina, yields 24(S)-hydroxycholesterol [24(S)-OHCh] as a specific product, (40) which has been reported to play an important role in affecting cholesterol metabolism in the brain. (41) Because almost all plasma 24(S)-OHCh seem to generate in brain, plasma levels of 24(S)-OHCh are considered to be reflective of the number of metabolically-active neurons.
(42) Consistent with this, Leoni and Cacciam reported reduced levels of 24(S)-OHCh in neurodegenerative diseases, including Alzheimer's disease (AD), and suggested that the reduction of 24(S)-OHCh was related to the degree of atrophy in the brain. (41) In contrast, slightly increased 24(S)-OHCh levels have been observed in cases of mild cognitive impairment and in patients with AD. (43) Lipid peroxidation products from α tocopherol. α-Tocopherol is the highest bioavailable form of vitamin E, the major lipid-soluble chain-breaking antioxidant. α-Tocopherol reacts with peroxyl radicals to form α-tocopheroxyl radicals, which are further oxidized into α-tocopheryl quinone (αTQ) (Fig. 6) . (44) Once α-tocopheroxyl radical is formed, it can be converted back to α-tocopherol by the action of other antioxidants, including ascorbic acid and coenzyme Q10. (45) This reversal mechanism allows for the maintenance of adequate concentrations of the active form of α-tocopherol to protect from oxidative damage that is induced by highly-reactive free radicals. The degree of oxidative injury can be evaluated by measurements of the αTQ and α-tocopherol levels. However, there have only been a few studies examining αTQ in biological samples. Ravaglia et al. (46) reported that plasma concentration of αTQ was associated with cognitive impairment in elderly individuals. Additionally, Kanazawa et al. (47) reported that the ratios of αTQ/α-tocopherol were increased in several tissue types by hyperoxia while Murphy et al. (48) reported that the plasma concentration of αTQ increased in patients who had undergone an aortic cross-clamping operation. We reported that αTQ was significantly higher in the plasma and hippocampus of a Ts65Dn mouse model of Down syndrome. (49) Recently, we also demonstrated an increase of plasma αTQ is correlated with fatigue induced by overnight deskwork without sleep. (50) This suggests that plasma levels of αTQ could serve as a potential objective marker of fatigue. 
Mechanisms of Free Radical Production in Neurological Disorders
The mechanism of ROS production differs in each neurological disorder. Here, we discuss the lipid peroxidation products that relate to each neurological disorder as well as possible therapeutic interventions with antioxidants.
Alzheimer's disease. The aggregation of Aβ (1-42) is proposed to play a central role in the pathogenesis of AD which is the most common cause of dementia. Aβ are small oligomers that can insert into the lipid bilayer and generate hydrogen peroxide. (51) In the presence of redox-active transition metal ions, such as Fe and Cu, hydrogen peroxide leads to the formation of hydroxyl radicals via the Fenton reaction. This reaction then initiates lipid peroxidation, and causes oxidative damage to proteins and other biomolecules. (52) On the other hand, using an animal model of AD it has been shown that oxidative stress and lipid peroxidation can induce Aβ accumulation during the progression of AD. (53) Many studies have demonstrated increased levels of oxidative stress markers, such as F2-isoPs and HNE, in the biological fluids of patients with AD.
(54-57) Through Michael addition and Schiff base formation, HNE binds to proteins and modifies enzymatic activities (56) and the conformation of tau (τ), which is associated with neurofibrillary tangles. (58) We previously reported significantly elevated levels of tHODE and oxidatively modified peroxiredoxin (oxPrx)-2 and oxPrx-6 in plasma and erythrocytes of patients with AD. (59) Furthermore, the tHODE levels were shown to increase with increasing clinical dementia ratings.
The level of plasma 24(S)-OHCh has also been reported to be higher in patients with AD and vascular dementia (43) ; however, these levels are elevated only in the early stages and have been shown to be lower in long-term cases of AD. (60, 61) Associations between plasma 24(S)-OHCh levels and AD have been inconsistent in many reports. As far as treatment strategies for this neurodegenerative disease, vitamin E seems to be a promising candidate since it acts as a "chain-breaking" antioxidant that can terminate the propagation steps of lipid peroxidation. However, Petersen et al. (62) reported that vitamin E given to 769 patients with mild cognitive impairment did nothing to improve their symptoms. Moreover, significant effects of vitamin E have also not been observed in treatment for AD. (63, 64) Down syndrome. Down syndrome (DS) is considered to be the most common genetic cause of mental retardation. DS is caused by total or partial trisomy of chromosome 21. Cu, Zn superoxide dismutase (Cu,Zn-SOD) has been proposed as a potential gene candidate closely implicated in oxidative stress. (65) Furthermore, overexpression of Cu,Zn-SOD in DS has been shown to result in the excessive production of hydrogen peroxide. However, other antioxidant enzymes, such as catalase and glutathione peroxidase, which can catalyze hydrogen peroxide to H2O are not coded in chromosome 21. The imbalance between Cu, Zn SOD and these enzymes has been suggested to induce oxidative damage in patients with DS. More specifically, a three-to fourfold increase in intracellular ROS and elevated levels of lipid peroxidation markers have been revealed in the brains of patients with DS. (66) Interestingly, the concentration of IsoPs in the amniotic fluid of mothers who were pregnant with fetuses with DS has been reported to be 9-fold higher than in pregnancies with normal fetuses. (67) The levels of HNE, protein carbonyl (2,4-dinitrophenylhydrazine), and advanced glycation end products have all been found to be increased in the brains of fetuses with DS (at 18-20 weeks of gestation) in comparison with matched controls. (68) These results provide evidence that accelerated brain oxidation occurs early in the life of individuals with DS.
We previously reported elevated levels of IsoPs (8-isoprostaglandin F2α) in brain tissue and tHODE and 7-OHCh in the plasma Ts65Dn mice, a mouse model of Down syndrome, than those of control mice. (49) Ts65Dn mice are the most widely used animal model of DS, since these mice carry a segmental trisomy of mouse chromosome 16 in which many of the genes in human chromosome 21 are conserved. (69) We found that acrolein was stained in the dentate gyrus region of Ts65Dn mice. Furthermore, we have also demonstrated that αTQ was significantly higher in the plasma and hippocampus of Ts65Dn mice than in control mice.
There is no clear clinical evidence that antioxidant supplementation is an effective treatment for DS (70) ; however, in trials that have investigated this, antioxidant vitamin supplements were begun at 7.5 months of age or later, which possibly account for the lack of efficacy observed. We conducted an experiment to test whether chronic administration of vitamin E could reverse the cognitive deficit found in Ts65Dn mice.
(49) α-Tocopherol was administered to pregnant Ts65Dn females from the day of conception throughout the pregnancy, and to Ts65Dn and control pus from birth until the end of the behavioral testing period. We found that administration of α-tocopherol attenuated cognitive impairment and decreased the levels of lipid peroxidation products in Ts65Dn mice. The results of animal experiments cannot be easily extrapolated to humans; however, this study implies a potential benefit of early supplementation of vitamin E in patients with DS.
Parkinson's disease. PD clinically manifests as resting tremors, slowness of movement, rigidity, and postural instability. PD is pathologically defined by the loss of neurons in the substantia nigra (SN) and by the presence of cytoplasmic protein inclusions named Lewy bodies and neuritis. (71) A small synaptic protein, α-synuclein, is recognized to be the main component of Lewy bodies. (72) The loss of SN cells lead to striatal dopamine deficiency and are related to the clinical severity of PD. Three independent mutations in α-synuclein, including A53T, A30P, and E46K, are involved in the development of familial PD. Recombinant synuclein is reported to produce hydrogen peroxide by Electron Spin Resonance (ESR), (73) and hydrogen peroxide exposure induces α-synuclein fragmentation and accumulation in the nucleus. (74) It has been reported that the lipid peroxidation adducts, HNE and Nε-(carboxymethyl) lysine, are localized in Lewy bodies in post-mortem PD brain tissue.
(75) HNE modification of α-synuclein results in conformational changes and oligomerization. Furthermore, HNE-modified oligomers are potentially toxic and could contribute to the demise of neurons subjected to oxidative damage. (76) The levels of plasma F2-IsoPs, HETEs, 7β-and 27-OHCh, 7-KCh, and NPs have all been shown to be elevated in patients with PD compared to controls. (77) Furthermore, the levels of plasma F2-IsoPs and HETEs have been reported to be higher in the early stages of PD. Recently, IsoFs have been shown to be increased in the SN of patients with PD. (28) It was also reported that glutathione, catalase, and glutathione peroxidase are reduced in PD. (78, 79) We recently developed specific antibodies against oxidized DJ-1 (80) since DJ-1 has recently been found to be a causative gene for a familial form of PD. A cysteine residue at position 106 (Cys-106) in DJ-1 was found to be preferentially oxidized under oxidative stress. (81) We observed higher levels of oxidized DJ-1 in the erythrocytes of un-medicated patients with PD than in healthy subjects and medicated patients with PD. (80) Immunohistochemical analysis also revealed that the number of oxidized DJ-1 antibodypositive cells in the SN of MPTP-treated mice increase in a dosedependent manner. (82) These results suggest that oxidized DJ-1 might be a useful biomarker for the detection and diagnosis of PD at early-stages.
As far as studies investigating the use of antioxidants in PD, Zhang et al. (83) reported that vitamin E can reduce the risk of developing PD; however, other studies have shown contradictory results about the dietary intake of antioxidants, and their efficacy for preventing PD progression. (84, 85) Stroke. Stroke is characterized by a block of blood flow to the brain. Important risk factors for stroke are hypertension, diabetes, hypercholesterolemia, smoking, and old age. (86) These risk factors are associated with the endothelial dysfunction and lead to atherogenesis and cerebral ischemic injury. With cerebral reperfusion by thrombolytic therapy, for example tissue plasminogen activator (tPA), ROS production is stimulated and causes cytotoxicity through oxidation of lipids, proteins and DNA. (87, 88) Moreover, elevated plasma levels of IsoPs and 20-HETE have been observed in acute patients with acute ischemic stroke. (21) In a previous study, we found changes in lipid peroxidation products in the CSF of patients with or without symptomatic vasospasm (SVS) after subarachnoid hemorrhage (SAH).
(89) One of the most important complications of SAH is ischemia. Ischemia after SAH is hypothesized to be caused by decreased cerebral perfusion induced by SVS. SVS occurs in about 30% of patients surviving SAH, mostly between days four and 10 after SAH. We found that the levels of free IsoPs (8-iso-PGF2α) and HODE in CSF and plasma activity of platelet-activating factoracetylhydrolase (PAF-AH) were higher in patients without SVS than in patients with SVS. These findings lead to the speculation that plasma PAF-AH can hydrolyze oxidized phospholipids and attenuate the spreading of lipid peroxidation.
It has been suggested that a combination of antioxidants with thrombolytic therapy might offer advantages, such as improving clinical outcome after cerebral ischemia, or extending the treatment window for tPA. (90) The effect of vitamin E is difficult to assess, since stroke is an emergency disease. However, edaravone has been effectively used as a neuroprotective agent for the treatment of acute cerebral infarction in Japan.
Conclusions
As discussed, lipid peroxidation is involved in neurological disorders, including AD, PD, stroke, and DS. There are few clinical reports about the efficacy of antioxidants for neurological disorders. It is considered that the timing to start antioxidants therapy is important. As our report about the effectiveness of α-tocopherol administration to the fetuses of DS mouse, (49) antioxidants therapy before appearance of symptoms may be effective against these neurological disorders. In order to start a treatment in early stages, biomarkers which can be used to diagnose in early stages of each neurological disorders are required. The use of biomarkers to diagnose each neurological disorder has been the focus of intense study. It should be noted that there is no specific lipid peroxidation marker for each disease; however, it has been suggested that the peroxidation products from AA and DHA, particularly NPs and NFs, may serve as potential markers for neurological disorder, since these compounds may exist in central nervous system. The development of technology that can measure infinitesimal content of NPs and NFs will be necessary in future studies.
